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Abstract

We have defined an aflordable advanced Space
Very Long Baseline Interferom etry (VLBI) mission
naed ARGSE (As tronot pical Radio Interferomet ry
between Space and Barth). A large space radio
telescope with high aperture efficiencies between 1.7
and 43 Gz would be employed to nake observa-
tions simultancously with arrays of ground radio
telescopes. The primary scientific goals include high
dynamic range mapping of core-dominated active
galactic yuclei (AGN), imaging of weak radio cores
inAGN 011 scales of 0.01 parsces or less, direct mca-
surctient of dist ances to ncarby galaxies using the
orbital parallax of their 1,0 masers, and naging of
radio starsintheir quiescent states with resolution
better than 0.1 AU. "The key design requircment of
ARIS) is a much higher sensitivity than will he
avail able for the VSOP and RadioAstron missions
i hie 1990s, with a fringe threshold of 10 mlJy at
frequencies up to 22 Gz, and 20 mJy at 43 Gllz,
on a bascline to a single 25-mi telescope of the Very
1. Ong Bascline Array. Critical design parameters for
the 1,7- 1022-GHzrange include the following: (1)
a 20 30-m space antenna with approximately 6 0 %
aperture efliciency; (2) systemn temperatures of 10
20 K; and (3) adatarate of 1-2 Gbit/s.

Iutroduciion

Very Long Bascline Interferometry (VLBI) i's
an astronomical observing technique used to obtain
very high resolution at radio frequencics.?? Ground-
based VIBI has been used for more than 25 years,
since the pioneering experiments in the late 19 60s.%1
The techmique cinploys two or more widely separated
radio tclescopes, each having highly accurate (hut
independent) frequency standards, simultancously
obscrve thesame radio source. Data from a large
bandwidth (currently as high as 112 MHz) arc dig-
itized and recorded at the telescopes, then brougit
together for cross-correlation at a central processing
facility, Data from cach pair of telescopes samples
the two- divnensional Fourier t ransforim of the radio-
source brightness distribution. The combination of
a large nutaber of antenna separations (haselines)
andthe ) arth’s rotation gives a relatively complete
sampling, and leads to an aceurate reconstruction of
the source brightness distribution.

VI.Bl is the highest resolution technique cur-
rently used in astronomy, even though VLIBI obser-
vations arc made at wavelengths typically ranging
from a few millimeters to about 20 cin, 4-5 orders
of magnitude longer than optical wavelengths. Yor

example, the resolution of a ground-based VLBI ex-
periment at a staudard frequency of 22 GHz (1.3 cin
wavelength), witha maximum projected baseline of
10)()()() km, is approximately 0.28 milliarescconds,
a factor of about 400 fincr than the resolution
achievable with the Hubble Space Telescope. Higher
resolution ¢a n be obtained cither by observing at a
shorter wavelength or by placing a radio telescope
in Barth orbit. For example, the highest resolution
achieved from the ground has been obtained by using
observations at 86 GHz (3-mm wavelength), with
ang ular resolutjon as fine as 0.06 milliareseconds.®°

VI.BI observations hetween ground and space
clements at centimeter wavelengths can provide res
olution similar to ground-based millimeter V1 BL
 owever, they sample different propertics of the
radio sources. Compact radio sources cinit radiation
gencrated by nonthyoryial processes; this radiation
often is characterized by its strength as a function of
frequency. Longer wavelength ohservations arc much
more scnsitive Lo the steep-spectrumn (stronger at
low frequencies) jets which are present inmany con -
pact extragalactic sources. Many of these sources
arc anly poorly resolved with ground-based V1.1,
independent of observing frequency (sour-cc sixes
generally deercase at least as fast as thic wavelength).
Their structure can be seen only with space-ground
basclines. In addition, spcctral-line sources sucl
as water mascrs emit at fixed frequencies; better
resolution of these objects can only he achieved by
going to space. I'inally, a key property of the nor,.
thermal cinission process of compact radio sources is
the source brightness temperature. The brightness-
temperature sensitivity of auiuterferometer depends
only on the physical bascline length aud not the
angular resolution, so brightness temperatures above
about 102 K can be measured directly only with a

bascline longer than au Farth diameter.
Past and Near-lI~utrlrc Space VLBl xperiments

VLBI experiments involving hoth spa ce and
ground clemeunts have additional stringent require-
ments compared to those of ground-only VI ,BI
I'requency stability comnparable to that of a hydro-
gen maser musl be accurately transferred to the
spacecraft from the ground. Wide-band digital data
acquired at a rate greater than 100 Mbit/s cannot
be recorded aboard a spacceraft for a significant
period of time, so the data from the orbiter must
be transmitted to the ground in real thne. Both of
these facts require that the orbiting VEBlantenna
be in contact with a ground tracking station in order



to obtain data.

The first demonstrations of Space VI Bl were
p erformed with a 4.9 meter antenna aboard an ex-
Isting ‘Tracking and Data Relay Satellite Systemn
(‘TDRSS) spacceraft in geosynchronous orbit. ™ Be-
tween 1986 and 1988, several experiments were per-
formed at frequencies of ‘2.3 Gilz (13 e wavelength)
and 15 G Nz (2 can wavelengt h); radio telescopes
mJapanand Australia were used as the ground-
based mterferometer elements. At 2.3 Gle, 23
of 24sources were detected in spite of Innited
sensitivity.? At 15 Gllz, the detection rate w a's
lower, due to the very poor sensitivity of the space
antenna. However, the observations demonstrated
the feasibility of transferring the ground frequency
st andard to the spacecraft with suflicient spectral
purity to enable coherent ahservations at the higher
frequency.™

The success of the TDHRSS demonstrations
played animportant role inthe genesis of two ded-
icated Space VIL,BI missions that are scheduled for
the late 1990s. The Japanese Institute of Space and
Astronautical Science (ISAS) will launch the VSOP
(VLBI Space Obscrvatory Progranme) spacecraft
(also knownas MUSKES-B}in Septemnber 1996.1:°
The spacecraft will consist of an 8- radio telescope
andreccivers at 1.7, 4.8 and 22.2 Gllz, together with
the assoclated electronics to permit the sampling of
128 Mbit/s at these frequencies. It will bein an
clliptical orbit with a perigee altitude of 1,000 kin
andanapogee dtitude of approximately 22,000 kin.

In the 1997- 1998 time fraine, the Russian Astro
Space Center is scheduled to launch the RadioAstron
spacccralt into an clliptical orbit having a perigec
altit ude of 4,000 km and an apogee altitude of
77,000 km. M RadioAstron aso will be adedicated
Space VLB mission, carrying a radio telescope with
a diameter of 10 meters. The observing frequencies
will besimilar to those for VSOP, with the addition
of a longer-wavelength band near ().3 GHz, and the
maximmuin data rate also will he128 Mbit/s. This
mission will be an exploratory mission that will
investigale radio source structures and brightness
lemperatures on very long basclines, but the large
gaps in aperture (or Pourier transforin) plane cover-
age will not allow nnaging with good dynamic range
possible with VSOP.

Iixtensive arrays of ground- based radio tele
scopes must observe radio sources simultancously
with VSOP and RadioAstron in order (o provide
the aperture plane coverage necessary for high-

quality measurements of source brightness distr -
butions.  Among the participating ground tele-
scopearrays arc the U.S. Very L ong Baseline Array
(VLBA), the luropeaun VLBY Network (I5VN), and
the Australia Telescope National Facility (A'TNI),
as wc]] as anumber of other teles copes more loosely
affiliated withthese arrays.

Scientific Goals of ARISIS

VSOP and RadioAstron will o the first “ex-
periments” in Sprace VEBI that involve the use o f
spacccraft dedicated to rmaking VI.Blobscrva tions.
However, duc to the small space antennas and their
high systein temperatures (50 100 K at 1.7 GHz,
120 200 1{ at 22 Glilz), themissions will have rather
limited sensitivity; all calculations below are for a
bascline to asingle 25- mantennaof the VL BA TS At
an observinig frequency of 5 G Hz, the 7o detection
threshold for VSOP will heapproximately 110 mly,
while that for Radio Astron will be about 60 mnJy
@ mly: 10729 Wy - 21y At 22 Gl
the systeins arc 1uch less sensitive, with detee-
tion thresholds near 400 mdy for both VSOP aud
RadioAstron. These sensitivities imply that only
sources having flux densitics on the order of 0.5 Jy
(1 Jy = 1000 mJy) in a very comnpact core, can be
observed with high dynamic range, and that objects
with core flux densities less than 100 mJy cannot be
detected. VSOYP and RadioAstron therefore will be
constrained to observe the brightest compact sources
inthe sky.

Anobvious successor to VSOP and RadioAs
tron would be a mission with such high sensitivity
that it could observe and detect sources with weak
radio corm, including objects such as Seyfert galax-
ics, radio stars | extragalactic water mascrs, and lohe-
dominated radio galaxics. ARISE would be such a
miission. It would operate at frequencies between
1.7 and 43 Gz with very high sensitivity. The
nominal 7o detection threshold on a bascline to a
VLBA antenna would be 2- 4 1ndy at 1.7 and 5 Gllz,
app roximately 10 m Jy at 22 Glz, and 20 mly at
43 GHz; even weaker sources could be studied at the
lower frequencies using phase referencing techniques.
Theenhanced sensitivity of” ARISE, dua polariza-
tion feeds and receivers, plus orbit determination
with an accuracy of tens of centimeters or less, will
open up new arcas of scientific investigation that arc
not possible with VSOP or Radio Ast ron. The new
scientific goals, sorne of which arc listed in'table
1, also cannot be achieved with ground-based V9B
because of the limited baseline lengths available on



the Ina vtd . These goals are shimilar to sor ne listed
for previously proposed (but unfunded) concepts
such as the International VLEI Satelite (IVS) and
QUASAT except that the much greater sensitivity of
ARISE cnables substantial seientific return beyond
that envisioned for QUASAT or IVS. 1617

Table L. Somekey science goals of A RIST.

¢ Very detailed imaging of large sammples of active
galactic nuclei (AG N)athigher resolution than for
ground arrays inboth total intensity and polarized
ciission

o hmaging of compactradio sources innecarby weak
AG N on scales smaller than the broad-line region
(c.g., < 0.01pcat 22 GHz for Seyfert galaxies at
distances of 20-100Mpc)

e Dircet distance measurements of galaxies out to
about 6 Mpc, using orbital parallaxes of H,0
mascrs

o lixtremely sensitive phase-referen ced imaging, of
radio stars in their quicscent states, with - GHz
resolution of ().04 AU atadistance of 100 pc

Very highsensitivity is neededin order to study
alarge samnple of AGN selected onthe basis of app ar-
ently isotropic properties rather tlan the strength
of their compact radio emission. Wc estimate that
between 2 0 0 and 1000 AGN potentially can be
detected using VSOP and RadioAstron, whereas
more than 100).00 AGN could be detected using
ARISE. For nearby AGN such as Scyfert galaxies,
centi mele r-wavelength observations from space arc
the only technique cajable of both detecting and
resolving weak core emission (typically a few mil-
hjansky)on the scale of the broad-line region (0.1
pe or less). In the subscctions below, we give more
details Of the scientific goals of AR1SE. Design of
the spaceeraft that would accomplish these goals
is deseribed following the discussion of the scicnce
goats.

Core-Dominated AGN

Core-dominated active galactic. nuclei (AG N)
will he the primary targets of VSOP and RadioAs-
tron; these missions will 1dentify the strong sources
which can be observed with the greatest. benefit
by A RISE. Such objects have been observed cox-
tensively with ground-based VLBI, both i ger -
cral surveys andin detailed studies of particular
objects. 1820 Rapid variability, with expansion Of the
radio jets withapparently superhuminal speeds (i. e,
apparently faster than the velocity of light, duc

to relativistic Doppler effects), are characteristic of
A key question
presently under investigation is the path taken by

the radio cores of these sources.

the diserete components in the jets as they move
outward from the core, which has important imph-
cations for the underlyin g phys ical phenomena.T'he
ARISEnission will provide the capability of viewing
such components very closc to the core after gjec tion;
for a 20,000- kinbascline at 43 Gllz, a component
¢jected atanapparent speed of 10¢ (i. e, 10 times the
speed of hight)in a quasar at a redshift 2= 0.5 will
be a beamwidth from the core inless th an a month
after its ¢jection. As compoucnis move outward
from the care, they overlap other components and
also fade into invisibility because of expansion and
energy loss by the radio-emitting electrons.  Phe
space-ground resolution of A RISE willhe critical for
keeping t he components separated {1 om one another,
while the enhanced sensitivity will enable them Lo be
monitored atamuch greater distance fromthe Core
th an will be possible with VSOP and RadioAstron.

Ground-based VLBl polarimetry has provided a
wealth of inforination in recent years, often separat-
ing nearly unpolarized corm fromhighly polarized
jets, whenthe two cannot be resolved in total inten-
sity maps.?! The magnetic field propertics itmmedi-
ately surrounding the core arc likely to beitimately
rclated to the mechanism causing curvature in the
].arscc-scale radio jets. Howcver, at the lumited
resolution of ground-based VLBI, it is likely that the
polarization is often inasked by overlapping features
within a single resolution element. Since the highest
polarized flux densities in comnpact sources usually
arc much less than 100 mJy, VSOP and RadioAstron
will be capable of only very limited polarization
studies, predominantly at b G Hz.  "The increased
resolution and sensitivity of the AIRIS Fanission,
particularly at 22 GHz, will beideal for scparating
the different polarized features and studying the
physics of the region immediately surrounding the
core.

For an 8-hour integration at 22 GHz, the min-
mum map noise for the ground-space baselines
between VSOP and the VLBA will be about1.51mly,
mplying a4 maximumn achicvable dynamic range
(peak brightness/noise) of about GO() for abright
core-dominated source (the dynamic range of Ra-
dioAstron maps will be litnited by aperture-planc
coverage at a lower value). Assuming that a map
noise three times the theoretically possible value
i s achieved, the dynamic range will bhe himited to
roughly 200 to 1inmost sources. In contrast) ARISE



will have about H0 times tie sensitivity of VSOP
al 22 Glz.  Therefore, it would be theoretically
possible to achieve a dynamic range of over 30,000
to 1 in the same source with a 1-Jy core. The actual
value achieved will depend critically on the choice
of orbit for ARISE. An orbit optimized for high-
guality imaging would have an apogee altitude near
15,000 ki, while a higher orbit would yicld superior
angular resolution at the expense of image quality.
aperture-plane coverage of the final orbit and the
quality of the calibration data for ARISY.

AGN with weak cores

Initial ground-based VLB surveys of AGN con-
centrated on core-dominated sources because of the
limited sensitivity available.  However, statistical
studics of such source samnples are subjeet to extreme
sclection effects, because the relativistic jets in the
core- dominated sources are pointing alinost dircetly
at the Barth. In the last few years, attempts have
been made to make ground-based VLB wmaps of
sources whose einission is domninated by their large
scale (arcscconds or larger) radio lobes, and which
therefore are sclected based on an intrinsic prop-
crty rather than because of a particular geometric
relationship to us.?? These studics have revealed
propertics that the lobe- and core- dominated sources
have in common (c.g., parsce-scale jets pointing in
the same direction as kiloparsce-scale jets) and some
important diflerences (the lobe-domninated sources
have much lower apparent transverse velocities).

Ground-space VLB1 of radio-loud AGN with
weak corcs is not possible with VSOP and RadioAs-
tron, because the cores are too weak to be detected.
Therefore, ARISE is needed to elucidate both the
polarization and total intensity propertics of the
inmermost cores of lobe-dominated radio sources.
Studies of the inner jet morphologics should help
reveal the opening angles of the cones within which
relativistic beaming occurs, which in turn can be
related Lo the physics of the accretion disks and torii
thought to be present at the centers of the AGN.
ARISE would also provide the capability to make
statistical studics of the distribution of brightness
temperatures from less than 1019 K to nearly 10"
K in unbiased samples of extragalactic radio sources.

1 addition to the lobe-dominated radio sources,
there are many other AGN for which only a very
simall fraction of the energy outputl occurs in the
radio part of the spectrum. These classes of ob-
jeels arc too weak to be observed with VSOP aud
RadioAstron, but arc potential targets for ARISI.

For example, one can consider Seyfert galaxics,
relatively nearby spiral galaxies with weak radio
About 30 Scyferts have
unresolved cores stronger than 10 ml)y at 5 Glz
on subarcsccond scales.® Since the cores tend to

sources in their cores.

have steep spectra, there is little hope that any
Scyferts can be detected from the ground using
VLBl obscrvations at 86 GHz; agaiu, only space
observations will suflice to obtain the highest possi-
ble resolution. At typical distances of 200 200 Mpec,
the lincar resolution at 22 GHz on a 30,000 kin
bascline is between 0.01 and 0.1 pc, smaller than
or comparable to the size of the broad line region.

Thus, obscrvations of Seyfert galaxics using ARISE
have the potential for probing the physics within
the dusty torus that exists in the centers of Seyfert
galaxics. As an example, the lincar resolution of
less than 0.01 pe in the nearby prototypical Scyfert
galaxy NGC 1068 would be more than 1000 times
finer than the compelling images of the tonization
cone observed with the Hubble Space ‘Telescope. %5

distances to External Galaxies using Water Masers

Water masers, with spectral-line emission at
22 Gllz, have been detected in a nunber of ex-
ternal galaxics.?® These objects are of two types:
interstellar masers in star-forming regions that take
part in the general galactic rotation, and cga-
masers associated with starbursts in the nuclei of the
galaxics. Measurement of the relative proper motion
of the interstellar masers and the megamaser (or
another reference point) in the nucleus of the exter-
nal galaxy (so-called “orbital parallax”) can provide
a direct distance measurenient by comparison of
the angular velocity with the linear velocity derived
from the galactic rotation curve. In order to derive
distances with accuracies better than 5%, bascline
lengths must be known to better than 10 an. The
first cffort at ground-based VLB mcasurements of
proper motions of cxtragalactic water masers was
reported recently.?6?7 One of the limitations of
that study was the inadequate resolution of the
ground-based measurements; the results could be
improved dramatically by using a scnsitive antenna
in space. The enhanced angular resolution available
with Space VLB will enable separation of adjacent
mascr spots so that relative intensity variations
between the spots are not confused with apparent
angular motions. At a distance of 1 Mpc, a rotation
speed of 200 ki /s corresponds to an angular velocity
of 42 pras/yr, almost half the beamn size of 92 pas for
a 92 GHz obscervation on a 30,000 kin baseline, but
only about 15% of the beam size for a ground-bascd




measurem ent ona 10,00 0-kin baseline.

VSOP and RadioAstron will have inadequate
orbit- determination accuracy (about 30100 meters,
three orders of magnitude too poor) and inadequate
sensit ivity to make useful orbital parallax measure-
nient s. However, the proposed ARIS B mission will
be capable of measuring the orbital parallaxes o f
interstellar water masers to better than 5% in galax-
les atdistances of several Megaparsee, independent
of the galaxy dist ance. At distances of b Mpe or
more, thermal measurement error dominates and
grows S0 rapidly with distance that the orbital
parallax measurements will be limited to galaxies
with distances of ahout G Mpcorless. (At present,
interstellar masers have not been detected at dis-
tances greater than3d Mpe.2%) The geometric mea-
surcment of distances to several external galaxics
by mcans of maser motions would have profound
nnplications for cosmology, since it would bypass
multiple indirect steps that arc used to establish the
current extragalactic distance scale.

Radio Stars

Radio stars arc observed with VLB techniques
both for astrometric purposes such as tying radio
and optical frames and for studying the physics of
the stellar systcins and their emission processes.?®
Stars cmitting at radio frequencies typically are in
binary systems. They usually arc weak emitters,
at the level of tens of millijansky or less, except
during brief, unpredictable outbursts. Thercfore,
they will not be clctce.table with VSOP or RadioAs-
tron.  Since the radio stars have steep spectra,
they, like Seyfert galaxies, cannot be studied with
ground-based VLBI at frequencies of 22 Gl 7 and
above. However, ARISE will provide the capability
for sensitive observations of radio stars at b Glz,
particularly if phasc-referencing techuiques can be
used.  Without phasc referencing, the detection
threshold on a bascline between ARISE and a VLLBA
antenna at b GHz will be 2-4 m Jy, while phasc-
referencing techniques would enable source deteetion
at.alevel wellbelow 11mJy. 011 a 20,000 -kin baseline,
the hincar resolutionon a stellar systemn at a distance
of 100 pc would be approximately 0.06 AU, ounly
about 25 tiines the Karth-Moon distance. Thus the
physics of stellar systems can be studied with very
high sensitivity and unprecedented resolution using
ARISI.

Other Investigations

A number of other scientific observations will
he possible with ARISE! The mcasurement of lens
properties and time delays in gravitation ally lensed
extragalactic sources will ctiliance themmodeling of
such objects. Determination of the bri ghtness distri -
bution of HyO megamascers inexternal galaxies will
beuseful for stud ying the physical characteristics of
those sourcesinaddition to their role inthe orbital
parallax mecasurements described above. Measures
o f the structure or radio supernovae in the days
imnncdiately following their outburst also will be
possible; such measurements will probe the nature of
the particle acceleration process and the distribution
of themat ter surrounding the exploding gar. Global
reference frawe unification at the milliaresccond
level also may be possible. Each of these investiga-
tions requires resolution better than that available
on the ground, with sensitivity far better than that
achicvable with VSOP or RadioAstron.

ARISE Mission Concept

The ARISE (Advanced Radio Interferometry
between Space and Farth) nission has been devel-
oped as thie high sensitivity successor to VSOP and
RadioAstron. A number of topics relating to the
design o f an advanced Space VLBI mission have
been discussed inthe Proceedings of an Astrotech
21 \Vorkshopl'zf'\)Vellavcconsidorcd several possible
mission concepts for such a mission, each repre-
seuting a diverse set, of science objectives.  The
mission concepls proposed included a single 50-mn
space antenna operating at frequencies up to b GHz,
and scveral 20-111 orbiting telescopes operating si-
multancously at frequencies of 90 Gllz or higher.
Analysis of the scientific Poten tial of these inissions
led to the conclusion that any viable mnission had to
operate at a minimuin frequency of 22 Glz. Since
large, reliable, space-deployable antennas operating
at 90 100 GHz would he prohibitively expensive, we
have sclected a concept for ARISYE that is based on
a 15- 30-11 radio telescope operating at observing
frequencies up to 43 GHz, with the lowest possible
systemn temperatures on-board the spacccraft. ‘1o
first order, this telescope can be thought of as an
additional VI BA telescope in space, with enhanced
sensitivity possible because o f the lower systemn
temperatures that can be achieved away from the
Farth and its atmosphere.

Perhaps the single most important desigh ) pa-
ramcter for ARIST is that routine obscrvations
must have a 7o fringe-detection threshold of less




th an 10 mdy at all obscrving frequencics up to
22 GHyz, in order to cnable the observations of the
classes Of objects mentioned above.  Yor a set of
ground radio telescopes with fixed properties, the
sensitivity depe nds on three basic parameters: (1)
space tclescope size and aperture efficiency (i e,
gain); (2) system noise temperature of the space
telescope; and (3) sustainable data-acquisition rate
o f the ground and space observing systemns.  For
one possible set of observing systeimn parameters for
ARISE | Table 2 compares the 22-G Hz sensitivity
of ARISE to that of VSOP at the samece frequency,
using a bascline to a 2511 VLA telescope. For the
ARISE mission inapp roximately 2005, it is assutned
that the system temnperatures of the VLBA antenn as
will be reduced from their current values by using
lower noise receivers, while the sustainable band-
width of the VLBA will beincreased. The predicted
nominal seusitivity of a bascline between two VLI3A
antennas in 2005 also is given for comparison.

Table 2. 22-GHz Sensitivity on Bascline to
a Single V1. BA Antenna
VSOP VI.LBA (2005) ARISE

Diamcter 81m 20 m 30111
Iliciency 40% 52% 60%
Sys. temnp. 200 K GoK 10K
Data rate 128 Mb/s 1024 Mb/s 1024 Mb/s
70 It 450 1nJy 20 mdy 6y

The primary challenge in the design of ARISE
is to develop a spacecraft whose performance is in
the “Great Observatory” class exemplified by the
Hubble Space Telescope and the Advanced X -ray
Astrophysics Facility (A XAYF), but whose cost is
mucl i more modest. This requires reliance on new
technologies that arc just maturing, without which
design of such a mission would be prohibitively
expensive. It also requires a careful consideration of
the primary science goals from the beginning, so that
the nission conceptl can be tailored to those specific
goals. ‘Iradcofls can be made ammong the diflerent
observing-system paramcters for AIRISE that arc
listed in Table 2, but the scientific requirciment
of a routine 10- mnJy detection threshold is quite
nnportant and should be maintained.

Several other requirements beyond the source-
detection threshold are imposed on the ARISE 1nis-
sion by the scient ific goals described above. These
basic requirements arc listed in Table 3, and dis
cussed in more detail helow.

Table 3. Basic requireinents 011 ARISE

e 7o sensitivity less than 10 mdy for all frequencies
up to 22 GHz, with sensitivity of lessthanbmly
at b Gz highly desired

e Simultancous dual polarization capability, with
volt age isolation better than 3%

o Blind pointing to less than ().1 beamwidths, or
about b arcscec at 43 Gllz

s Capability of slewing 1° (preferably 2°) and set-
tling, witha blind pomnting accuracy of 10 arcsec,
in 60 scconds (preferably 15 scconds) or less

¢ Orbit determiination accuracy of 510 amn

Antenna Design

A deployable antenna in the 20 30-m range,
with high aperture efficiency at frequencies as high
as 43 GHz is required for ARRIS . This antenna
must be reliable, inexpensive, and relatively low
mass. Theleading candidate for suchanantenna,
and the only one with a projected cost well below
$100 million, is aninflatable autenna such as that
currently being developed by 1’Garde, lue.  In
1996, an experiment led by R. FE. Frecland of the
Jet Propulsion Laboratory and G. D. Bilyeu and
G. R.Vecal of 1J Garde, lnc. will be performedin
order todeploy a14-min flatable antenna st ructure
in Iarth orbit, with au on-orbit surface accuracy
better than 1 anm ran.s. 303 The inflatable antenna
will be deployed from the Spartan experiment carrier
released fromn the space shuttle, and its surface accu-
racy as afunction of therinal characteristies will be
measured by tluminating the ofl-axis paraboloidal
sur-face withlight- cinitting diodes and mcasuring the
reflectivity.

It is thought that the concept for the inflat-
able antenna can be extended in a straightforward
manncr Lo an antenna with a diaincter as large as
30 meters. The total cost of the experiment to be
perforined in 1996 is only ab out $7 willion, nuplying
that a 30-111 operational antenna could be built for
roughly $25milhion. Achievement of the 0.85 non
surface accuracy required for A/16 performance a
22 Gz secms a reasonable expectation, while the
0.43 -1nm surface needed for similar performance at
43 GHz willbe a greater challenge. The proposed
orbit for ARISY will pass through the Barth’s radi-
ation belts, so charging and clectrostatic discharge
of thecanopy of theinflatable antenna is a concern.
T'wo possible solutions are cleetrical isolation of the
antenna surface from the rest of the spacecraft or




coating part of the canopy with conductive matenial;
furt her st udy is needed to choose between these
alternatives.

The currenistrawman design of ARISE would
naake use of an offset parabolic reflector, with the
spaceeraft bus located approxinately at the prime
focus of thelarge antenna. A conceptual picture
of this situation is shown in Figure 1. This clear-
aperture design will be benefic ial in maximiz ing the
aperture efliciency of the antenna and reducing the
thermal coupling hetween the large antenna andthe
spaceceraflsystems. Whenimnore detailed design work
is undertaken. other “optics” designs such as an on-
axis, prime-focus system and different versions of
( rassegrain systems will also be considered.

Figure 1. Conceptual design of ARISE  spacecraft,
Low System Temperatures

The desired system temperatures in the range
of 5- 10 K at frequencies up to 22 GHz,and 20 K
or less at 43 GHz, have not yet been obtained in
a long-lifetime (3- 5 years) space systemn. However,
the space enviromment is a tremendous advantage in
that the only real source of external noise will be the
cosiic microwave hackground, since contributions
from the Barth’s atinosphere and ground pickup will
be negligible. At ambient temperatures onthe order
of 18 K. amphficr notse ten iperatures of 10 K at,
43 GHz and less thanl0 K at 22 GHz have been
mecasured, wit I future performance mprovements
expected 23 Achievernent of the desired total sys-
tetn temperature probably will require cooling the
feed horns and may be aided by an ofl-axis (clear-

aperture) antennia design. T'wo candidate technolo-
gies for achieving ammbient receiver temperatures in
the 15 K range are hydrogen-sorption coolers and
passive cooling by evaporation of solid hydrogen.

Data Rate

The desired data rate for ARISE isinthe range
of 1-2 Gbit/s. The Mark 1V VLBl system, currently
being designed by Haystack Qbservatory and the
Furopean VILBI Network as a relatively inexpensive
upgrade to the Mark Il system that has been
operational for 10 years, will becapable of recording,
and correlating data at rates up to 1Gbhit/s, with
straightforward extension to 2 Gbit/s.3%3% In addi -
tion, the recording systems at the VI BA telescopes
alrcady arc capable of operating at 512 Mbiy/s if two
recorders arc used simultaneously.!®

The preferred downlink frequency for the/l)rmk
ARISE mission will be in the Space Research band
near 38 GHz. At this frequency, the 1 1-mmantennas
being built by NASA’s Decp Space Network for
support of VSOP and RadioAstron have about 30%
aperture efliciency. Assumning ground receivers with
systemn temperatures of 125 K and simple differ-
ential QPSK (Quadrature Phase Shift Keying) of
the telemetry data, there will be a positive link

margin of approximately 4 dBB for a 0.5-111 spacecraft ,

antenna transmitting 10 Watts of power from a
distance of 50,000 k. Modification of theground
antenna electronics to support a 38-GHzlinkand a
1-2 Gbit/s data rate would berequired.

Orbit selection

The orbit for ARISE will have a perigee alti-
tude of approximately 5,000 kin, with anapogee
altitude to be selected fromn arange of roughly
12,000 km to 50,000 kin.  The perigee altitude
allows some overlap of ground-ground and ground-
space basel 1105 for calibration purposes, but keeps
most of the orbit high enough so that the space-
ground basclines provide in forination not available
fromn ground-only VLBI. (Perigee altitudes closer
to 10,000 km arc not acceptable because of the
unaging defects that would be caused by a lack
of continuity between the ground-only and ground-
space baselines.) An apogee altitude near 12,000 kin
would provide outstanding aperture-planc coverage,
lending itself to very high dynamic range imaging,
but would provide resolution only 2.5- 3 times that
achicvable from the ground at the same wavelength.
Much higher apogee altitudes will provide superior
angular resolution at the expense of dynamnic range



A orbit with an inclination
near 60° is preferred in order to minimize oceul-
tations and orbit precession, but sueh orbits have

in source images.

a considerable penalty in available science payload
for a given lavnch vehicle, Ihe final orbit can he
selected only after a detailed tradecofl has been made
between the scientifie goals and spacecraft design:
the selection should not he made until scientific
results from VSOP and RadioAstron arc available
to help in making the tradeofls,

Spacceraft Mass and Launch-Vehicle Capability

The expected mass of VSOP is 815 kg, including,
approximately 250 kg for the radio telescope. !
There is no reason (o expect that the mass of
ARISE must bhe dramatically larger.  The 14-m
iflatable antenna structure that will be used for
the 1996 shuttle experiment has a mass of 60 kg 30
Thercefore, the estimated mass of a 30-m version of
the same type of antenna would be no more than
about 300 kg. Provided the cryogenic systemns do
not contribute more than a few hundred kilograms,
the total mass for ARISE should be considerably
less than 1500 kg,  An Atlas 1 launch velicle is
capable of delivering this mass to an orbit with an
mclination in the range of 0° to 60° and an apogee
altitude in the range of 12,000 to 50,000 kin. A
more detailed spacecraft design will be required to
determine whether a Delta launcl, vehicle might be
acceplable or if an Atlas 11 s necessary.

Orbit determination and phase referencing

Highly accurate orbit determination will be
perfornted by ncans of two precision Global Posi-
tioning Systein (GPS) receivers on-board ARISE,
one looking outward at the GPS satellites above the
spacecraft and one looking down toward the satel-
lites on the far side of the Karth 36,37 Preliminary
covariance analyses indicate that a J-dimensional
positional accuracy of 4 cm s possible for the
reconstruction of the orbit at a 20,000-kin altitude,
while an accuracy of 10 cm is achievable for a
50,000-kni altitude. Thege accuracies are cssential
for making water-maser distance measurements and
for global astrometry for reference-frane unification.

The accurate orbit determination also will he
important for the techmique of phase referencing,.
This technique is used to extend the coherent inte-
gration times in order to detect interference fringe
on sources much weaker than those that could he
detected otherwise, The method involves alternat.
ing obscrvations of a relatively strong VLBI source

with a weaker program source on time scales of
minutes *83 provided that the VLB hascline is
known very accurately, the interferometric phase
found for the stronger source can be interpolated
to estimate the phase for the weaker source, en-
abling colierent addition of many obscrvation seg-
ments on the weaker source.  This techuique s
critical for extending the detection threshold to
yel weaker sources, such as some radio stars and
Seylert galaxics.  Given the estimated density of
VLBI reference sources and the predicted orbit-
reconstruction accuracy for ARISE, it should be
capable of phase referencing at 1.7 and % Gliy i
most cases, and possibly at 22 Gy A phase
reference capability at the lower frequencies will
require a 1° slew every 2 minutes, with the total
slew time (including setthing) taking no more than 30
sceconds. For phasc referencing to be possible at 99
GHz, slews of up to 2° in distance would he required
cvery 30 scconds, with the total slew time (including
settling) taking no more than 15 scconds. Since such
short, rapid slews and short setthng times will be
diflicult for the ARISK; configuration, the possibility
of re-pointing the antenna 2° at 99 GHz by means of
rotation of a small mirror also should be considered.

Autitude control requireinents

The usc of a large antenna at Ligh frequencics,
and the desire to make the rapid slews required by
phase referencing, impose severe design constraints
on the attitude-control system. Because most V131
sources will not. give an accurately measurable de-
flection in the total received power of the observing
system, blind pointing is usually necessary.  Por
accurate amplitude calibration, the electrical axis of
the radio telescope must be pointed with an accuracy
of about 0.1 beamwidths, corresponding to § arcsee
for a 30-1 antenna at 43 GHz, and 10 arcsce for the
same antenna at 22 Gllz. This pointing accuracy
must be achieved over a wide range of Sun angles,
from sources at about 30° fromn the Sun, to sources
at right angles from the Sun (which will create the
largest thernal gradients across the telescope) and
those opposite the Sun, Pointing the spacecraft,
body alone is not suflicient, since the knowledge
of the clectrical axis of the radio telescope also is
required.  Tn order to minimize the titie spent. in
changing sources, it is desirable for a 180° slew to
be achieved in no more than 30 minutes.

I is anticipated that slews will be accomnplished
by using reaction wheels with large angular mormen-
tum capacitics, since thrusters are not capable of



providing, the desired accuracy in a short time and
would require cnormous fuel stores. Siniee the space-
craft orbit is well within the Farth’s magnetic ficld,
the reaction wheels can be wiiloaded using magnetic
torquers rather thau with large thruster systems.
The problem of moving a large antenna (albeit a
relatively light one) at the cud of a long 1 oment
arm without creating excesstve torques in the struts
connecting the spacecraft body to the antenna needs
to be studied indctail. Fortunately, the inflatable
antenna is intrinsically a highly darn ped structure,
and it may be feasible to replace o r strengthen
the mflatable struts with small deployable truss
structures.

Summary

T'his paper has described the wealth of scien-
tific investigations that can be made with a high-
sensit ivity Space VI Bl mission such as AIRISE
These science goals make A RISE aworthy successor
t o the VSOP and RadioAstron experiinents which
will take place in the Jate 1990s. The hasic design of
the ARISE mission has been smimmarized in Fable 4.
Many of the design choices arc still quite preliminary,
and considerable additional work will be required
to finalize these choices and provide inore detailed
spacce raft and mission desi gns. However, the tech -
nologics for the key observing elements, namely
the large antenna and the s])acc-qualified cryogenic
systems, appecar to be at hat d and surprisingly
aflfordable.

Table 4. Preliminary design parameters of ARISE

e Antenna: 20 30 meter diameter, ofl-axis/break
paraboloid,inflatable strut.turc

e Reccivers: 1.7, 5, 22, and 43 GHz, with systcin
temperatures of H- 20 K (increasing with incrcas-
ing frequency)

¢ Polarization: Simultaneous dua circular polariza-
tion at band 22 Glz

e Data rate: 1-2 Gbit/s, with channcl bandwidths

ranging from 1 to 16 Mz

Perigee altitude: 5,000 kin

Apogee altitude: 12,000 50,000 kin

Orbit inchination: 60°

Orbit determination: 2 on-board GPS receivers

Blind-poin ting accuracy: 5 arcsce

Slew rate:180°/30 minutes

Phase-referen cing slews: 1°- 2° in 15 60 seconds

Attitude control: reaction w heels, unloaded by

magnetic torquers

e & & & & & O

[dad

9.

10.

References

. J. M. Moran (1976). “Very Long Bascline Inter-
ferometric Obscrvations and Data Reduction [”
m Mcthods of Experimental Phsyies, Vol. 12¢,
M. L.Mececks, Iid., New York: Academic Press,
NI). 228 260.

. AR Thompson, 3. M. Moran, & G. W. Swen-
son, J. (] {186). Interferornctry and Synthesis

in Radio Astronomy, New York: John Wiley &
Soils.

N.W. Broten etal, (1967). “Long Baseline
Interferometry: A New Technique,” Science,
Vol. 156, PP-15921593.

. C.B.Bare, B. G. Clark, K. I. Kelleninann, M.
H. Cohen, & D. L. Jauncey, (1967). “Inter-
ferometer xperiments with Independent Local
oscillators,’” Science, Vol. 157, pp.189 191,
1967.

T. P. Krichbauin, A. Witzel, K. J. Standke, D.
A . Graham, C. J. Schalinski, & J. A. Zensus
(1994).  “nun- VL BI: Bending of Jets inthe
Vicinity of AGN,” in Comnpact Fxtragalactic
Radio Sources, J. A. Zensus & K.1. Kellerinann,
Iids., Socorro: National Radio Astronomy Ob-
servatory, pp. 39- 44,

C. J. Schalinksi ¢t al. (1994). “MM-
Observations of Active Galactic Nuclei with
a High Sensitivity VI, li-Array,” in Compact
Ixtragalactic Radio Source.s, J. A. Zensus &
1{.]1. Kellermaun, Fds., Socorro:National Radio
Astronomy Obscrvatory, pp. 45 48.

G. S. Levyectal. (1986). “Very Long Base-
line Interferometric Observa tions Made withan
Orbiting Radio ‘Telescope,” Science, Vol. 234,
pp. 187-189.

G. S. Levy ot al. (1988). “VLBI Using  a
Telescope in larth Orbit, 1. The Obscrvations,”
Astrophysical Journal, Vol. 336, pp.1098 1104.

R.P.Linficld et al. (1988). “V LBl Using a Tcle-
scope in Barth Orbit. 1. Brightness Temnpera-
tures Fxceeding the luverse Compton Limit [)”
Astrophysic al Journal, Vol. 336, pp. 11051112,

R. 1). Linfield et al. (1990). “15 Glz Space
VLRBI Observations Using an Antenna on a
TDRSS Satellite,” Astrophysical Journal, Vol.



1

12

14

17.

18.

19.

20.

2],

. QUASAT-

358, pp. 350 35HK.

H.Mirabayashi, M Inoue, & 1. Kobayashi, Inds.
(1991). Frontiers of VLBI, Tokyo: Universal

Academnic Press.

M. Inoue (1 993). “Space VLBI Project VSOP,”
in Sub-a resceond Radio Astronomy, R. J. Davis
& R. S, Booth, Fds., Cammbridge: Cambridge
University Press, pp. 434 436.

1. Nirosawa, H. Hirabayasla, I'. Orii;, & .
Nakagawa (1994). “Design of the Space-VLBI
Satellite MUSES-B,” i 19th International Syimn-
posiwin on Space Vechnology and Science, Pa-
perlSTS94. 1{-03,

N. S. Kardashev & V. 1. Slysh (1988). “The Ra-
dioastron Project,* in The lmpact of VLBl on
Astrophysics and Geophysies, M. J. Reid & J.
M. Moran, ¥ds., Dordrecht: Kluwer Academic
Publishers, pp. 433-440.

. 1’. J. Napicr, D.S. Bagri, B. G. Clark, A. .

F. Rogers, 3. D.Rommey, A. R.T'hompson, &
R.C. Walker (1994), “The Very Long Base-
line Array,” Procecdings of the 1 BEE, Vol. 82,
J3)J). 6H8 672,

A VLBI Observatory in Space
(1984). Proccedings of a workshop held at
Gross Iinzersdorf, Austria, sponsored by the
Furopean Space Agency (BSA)aud N A SA
Noordwijk: I'SA Scientific and Technical Pub-
lications Branch.

Iouropean Space Agency (1991). 1VS: A1 Orbit-
ing Radio Telescope, Report o11 the Asscssiment
Study, Report SCI(91 )2, Paris: ESA.

1. J. Pearson & A. C. S. Readhcead

«r

(1988).
The Milliarcsecond Structure of a Complete
Sample of Radio Sources. 11. ¥irst-FpochMaps
at b GHz, ™ Astroy shysical Journal, Vol. 328,
pp. 114142,

J. A. Zensus & T J. Pearson, Ids. (1 990).
I"arscc-Scale Radio  Jets, Cambridge:
Cambridge University Press.

J. A Zensus & K. 1 Kellermann, 1ds. (1994).
Compact Extragalactic Radio Sources, Socorro:
National Radio Astronomy Obscrvatory.

D. C. Gabuzda, ‘1'. V. Cawthorue, D. 1.

Roberts, & J. 1. C. Wardle (1992). “A Survey

22.

23.

24.

27.

28.

29.

. D. Macchetto et al

5. 1,. J. Greenhill, J. M. Moran, M. J.

of the Milliaresccond Polarization Properties of
B1, Lacertac Ohjects at § GHz,” Astrophysical
Journal, Vol. 388, pp. 40 H4.

DL Nough (1994). “Relativistic Motion in
Lobe- Domiated Quasars,” in Compact Extra-
galactic Radio Sources, J A. 7 cosus & K.
1. Kellenmann, kds., Socorro: National Radio

Astronomy Obscrvatory, pp. 169 174,

J. S.Ulvestad (1994). “Scientific Potential of
VLBA Observations of Seyfert Galaxies,” in
Compact Extragalactic Radio Sources, J. A.
Zensus & K. 1. Kellermann, I3ds., Socorro: Na-
tional Radio Astronomy Observatory, pp. 229
232.

1. N.Evans, 1. C. Ford, A. L. Kinncy, R. R.
J. Antonucci, L. Armus, & S. Caganofl (1491,
“1[S’ 1" hmaging of theInner 3 Arcseconds of
NGC1068 in the Light of (O 111] AL007,” Astro-
physical Journal (Letters), Vol. 369, pp.1.27-

1.30.

(1994). Inpreparation.

Reid, C.
R. Gwinn, K. M. Menten, A. Fckart, & 11,
Nirabayashi (1990). “First Iinages of Water Va-
por Masers 1 the Galaxy M33,” Astrophysical
Journal, Vol. 364, pp. 513 526.

L. J Greenhill, J M. Moran, M. J Reid, K. M.
Menten, & 1. Hirabayashi (1993). “Microare-
sccond Proper Motions of Fixtragalactic Water
Vapor Masers in M33,” Astrophysical Journal,
Vo]. 406, pp. 482-488.

J.-¥. Lestrade, R. B. Phillips, M. W. Hodges,
&R, AL Preston (1993). “VLBI Astrometric
Identification of the Radio Finitting Region iy
Algol and Determination o f  the Orientation
Of the Close Binary,” Astrophysical Journal,
Vol. 41(3, pp. 808 814,

G. S. Lovy, Bd. (1991). Technologics for
Advanced Very Long Rascline Interferometry
Missions in Syace, Astrotect 21 Workshops
Series 11,JP1, 1)-8541, Vol. 3, Pasadena: Jet
Propulsionl.aboratory.

. RUEL Frecland & G Bilyeu (1992). « IN-STEP

Iiflatable Antenma Pxperiment,” 43rd Congress
of the International Astronautical I 'ederation,
Paper 1AF-92- 0301




310 ROE Frecdand, G. DL Bilycu, & G, R. Veal
(1993). “Validation of a Unique Concept for
a Low-Cost, Lightweight Space-Deployable An-
tenna Structure,” 44th Congress of the Interna-
tional AstronauticalPederation, Paper 1A1~-9:j-
1.1.204.

32. M. W. DPospicszalski (1992). “Cryogenicall -
Cooled, HEFET Amplifiers and Receivers: State-
of-the Art and Future T 'rends, ” [EEE Interna-
tional Microwave Syrnposium Digest, pp. 1369
1372.

33. M.W.Pospieszalski, L. ID. Nguyen, M. L, '}.
Liv, M. A. Thompson, & m, J. Delancy, “Very
Low Noise and Low Power Opcration of Cryo-
genic Al As/G alnAs/Tup HEEs)” TEEE In-
ternational  Microwave Digest,
pp. 1345 1346.

Symiposium

34. A I FE. Rogers etal. (1 983). “Very-Long-
Bascline Radio Interferometr y: The Mark 111
Systemn for Geodesy, Astrometry, and Aperture
Synthesis,” Science, Vol. 219, pp. b1 54,

35. A. R.Whitney (1993). “The Mark v VLBI
Data-Acquisition and Correlation Systemn 7 in
Developmients in Astrometry aud their hinpact
on Astrophysics and Geodynamics, IAU Syn -
posium No. 156, J. 1. Mueller & B. Kolaczck,
Ids., Dordrecht: Kluwer Academnic Publishers,
pp.151- 157.

36. S.M.Lichten & J. A. FEstefan (1990). “Iligh-
Precision Orbit Determination for High-Farth
Elliptical Orbiters Using the Global Positioning
Systeni,” Al AA/AAS Astrodynamics Confer-
ence, /break AIAA Paper 90-2954.

37. s . M. Lichten ot al. (1994). “New Ground
and Space-13ased GPS Tracking Techniques for
hgh-Earth and Deep Space Orbit Determi-
nation Applications,” paper presented at JON
Natjonal “I'echinical Mceting, San Diego, CA.

38. 3 . Lestrade, A. 1. 1. Rogers, A. R. Whitney,
A . F.Nicll, R. B. Phillips, & R. A. Preston
(1 990). “Phase-Referenced VLB Obscrvations
of Weak Radio Sources.  Milliaresccond Posi -
tion of Algol * AstronomicalJournal, Vol. 99,
])l)‘]663' 1673.

39. A. J. Beasley &J. 1. Conway (1994). “VLDBI
Phase Referencing,” in Summer School on VILB]
Imaging, J, A. Zensus & P Diamond, Ids.

Acknowledgiments

The work deseribed in thi's paper has been
carried outby the Jet Propulsion Laboratory, Cal-
iforma Institute of Teel mology, under contract with
the Natioual Acronautics and Space Administration.
The authors thank G. Bilyeu, C. Cassa pakis, R.
Clauss, R. Freeland, C. Lawrence, I'. Locatell, W.
MchLaughlin, 1). Meier, ). Murplhy, R. Preston, and
(i. Veal for helpful disc ussions at. various phases of
this work.



